Introduction
Peristaltic process is an automatic series of muscle waves of contraction and expansion that occurs in digestive system to move the food stuff through digestive tract. It also plays a key role in moving urine from kidneys to the bladder, movement of eggs and sperms in male and female reproductive systems and bile from gallbladder into the duodenum and so on. Peristaltic motion is considered to be the normal function of body and it can be seen in abdomen when gas moves along. Peristaltic pumps are designed by following the peristaltic motion principal. These are used to pump a variety of clean and aggressive fluids in order to avoid their contamination with exposed pump components. Similarly this mechanism is also very common in other biological and biomedical systems, chemical industries, and laboratories. Due to its physical importance in human life applications, it has become a charming field of research since last few decades. It was Latham [1] who presented his first experimental and theoretical effort towards peristalsis. After then Shapiro et al. [2] introduced the conditions of large wavelength and small Reynolds number for inertial effects to be negligible and for the pressure to be considered uniform over the whole cross-section. A frequently occurring geometrical situation is asymmetrically moving waves of channel walls. In this regards, Eytan and Elad [3] examined the peristaltic transport resulting from symmetric and asymmetric contractions for various displacement waves on the channel walls. They concluded that transport phenomenon is strongly controlled by amplitude and phase shift of wall displacement from both channel walls. A sim-* Authorʼs e-mail: nsaleem@pmu.edu.sa THERMAL SCIENCE: Year 2018, Vol. 22, No. 6B, pp. 2909-2918 ilar sort of study was conducted by Srinivas and Pushparaj [4] who examined peristaltic transport of an MHD viscous fluid in an inclined planar asymmetric channel. A peristaltic flow of non-Newtonian casson fluid flowing in asymmetric channel was investigated by Naga Rani and Sarojamma [5] . Mishra and Rao [6] have observed the peristaltic transport of incompressible viscous fluid in a channel conserving the peristaltic waves with different amplitude and phase and noticed that reflux and trapping increases from asymmetric to symmetric situation. Later on, Hayat et al. [7] scrutinized the peristaltic motion in asymmetric channel by considering Carreau fluid. They commented that axial velocity of Carreau fluid increases with a decrease in phase difference and increase in mean flow rate. Heat transfer analysis is also a vital part in investigating the peristaltic flows for biological systems and biochemical processes as well. In the process of digestion a most important phenomenon is the metabolism. One type of metabolism is called catabolism which is the breakdown of the complex molecules into small units to produce energy. The First-law of thermodynamics defines the starting and ending point of this process. The Second-law of thermodynamics accompanied by the phenomenon of entropy also has high significance in this process. This procedure increases the order in the body and thus reduces entropy. Though, human body transfers heat to the entities with which it contacts in form of conduction. Additionally, it generates convection due to the change in the temperature of body and the environment and radiates heat into space, exhausts energy-comprising substances in the form of food, and excretes waste in the form of CO 2 , water, breath, urine, and feces. Consequently, the overall entropy of the human body system rises. The growth of entropy in human body affects biological fluids inside body, such as, blood flow, urine passage from kidney to bladder through ureter, lymph movement in lymphatic vessels, sperm transportation, swallowing food through esophagus, etc. Some interesting heat transfer studies in peristalsis flows can be found in Sarkar et al. [8] , Akbar et al. [9] , and Sher Akbar et al. [10] )
The phenomenon of entropy was initially studied by Bejan [11] in four different convective heat transfer configurations. An attempt was made by Bejan [12] to minimize the entropy generation of an engineering system by an efficient thermal design. Bejan [13] introduced the phenomenon of entropy generation minimization (EGM) to optimize the thermal design and efficiency of thermodynamical systems. In which he disclosed the two major sources of entropy production in a system: the heat transfer rate and the viscous effects in fluid. After this groundbreaking work of Bejan numerous researchers [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] explored the phenomenon of entropy in convective heat transfer problems under various physical assumptions. Despite of all the work done we found a very few studies in which the entropy of a biological system has been examined. In this regard, Souidi et al. [27] calculated the entropy production for a peristaltic pump and in a contracting tube. Entropy generation in peristaltic flow of nanofluid in a non-uniform channel with compliant walls was examined by Abbas et al. [28] . Recently, Munawar et al. [29] investigated the Second-law in a peristaltic flow of variable viscosity fluid and revealed that entropy production is high in the contracted region and reduces in the wider part of channel.
In this article we aim to examine the entropy production in a peristaltic flow of a viscous fluid with space dependent viscosity in an asymmetric channel. Heat transfer and fluid friction irreversibilities are assumed to be the main factors of entropy production. The governing equations are modeled in the wave frame and simplified under the assumptions of long wavelength and the small Reynolds number. Exact solutions are calculated for the dimensionless linear governing equations. The entropy expression is calculated by using the solutions and then a brief analysis is carried out using graphical results.
Mathematical formulation
Consider 2-D peristaltic motion of an incompressible viscous fluid in an asymmetric channel. The flow is produced due to sinusoidal waves travelling along the channel wall with constant speed, c. Using a rectangular co-ordinate system, x-axis is taken along the direction of wave propagation and y-axis is normal to it. Moreover, the upper and the lower walls are kept at uniform temperatures of T 1 and T 2 , respectively, and it is assumed that T 2 > T 1 . The equations of wall in moving frame are defined:
where d 1 and d 2 are the channel width, a 1 and a 2 amplitudes of the wave, λ -the wavelength, and ϕ -the phase difference which varies in the range 0 < ϕ ≤ π. It is to be noted that for ϕ = π both the waves are in phase, see for instance fig. 1 . The dimensional governing equations in wave frame of reference:
The dimensionless quantities are defined:
Using the mentioned quantities (7), eqs. (1)-(7) take the form: 
where Er is the Eckert number, Pr -the Prandtl number, δ -the wave number, Re -the Reynolds number, μ 0 -the viscosity at endoscope, Ψ -the stream function, and T 1 , and T 2 are temperatures at y = h 1 and y = h 2 , respectively. The viscosity of fluid is assumed to be space dependent as proposed by Srivastava et al. [30] and is described:
where α is the viscosity parameter. Assuming the long wavelength and low Reynolds number eqs. (10)- (12) take the form: (
The dimensionless boundary conditions and pressure rise per wavelength Δp λ are noted:
and
The solutions of eqs. (14)- (17) subject to the boundary conditions (18) and (19) can be found easily by using the command DSolve of the symbolic computational software MATEM-ATICA. To validate the analytic results, we have also obtained the numerical solutions (by shooting method) and the comparison of results by both techniques has been reported in tab. 1. The table shows a good agreement between analytical and numerical solutions. 
Entropy analysis
The entropy production in the peristaltic flow can be examined by using the following expression of total volumetric local rate of entropy generation in moving frame:
It is assumed that the entropy in the system is produced due to heat transfer and fluid friction. using eq. (7) and divided the previous equation with characteristic entropy, S G0 , one gets the total entropy generation number, N G :
where τ = ∆T/T 1 is the dimensionless temperature difference (we set τ = 1). The first term in eq. (23) denotes the irreversibility due to heat transfer and the second term represents the fluid friction irreversibility. The average entropy generation number is given:
Ns
N y x = ∀ ∫ ∫ (24) where ∀ = 2 is the area of the integrated region between x = 0 and x = 1. To see the discriminating effects of fluid friction irreversibility over the heat transfer irreversibility the Bejan number is introduced:
where Φ is the irreversibility distribution ratio. versibility over fluid friction irreversibility, whereas, for the Bejan number less than 0.5 fluid friction irreversibility dominates.
Results and discussion
To see the effects of various physical parameters on various quantities of interest figs. 2-12 are plotted. In fig. 2 the pressure difference per wavelength, ΔP λ , and the pressure variation, dp/dx, are plotted for different values of parameter, α. It is noted from fig. 2 that in both the retrograde pumping region (Θ < 0, ∆P λ > 0) and in the augmented pumping region (Θ > 0, ∆P λ < 0) the pressure differences per wavelength, ΔP λ , decreases as α increases. From here it is noticed that the pressure difference in the variable viscosity fluid is greater than the case of constant viscosity fluid. Moreover, fig. 2 discloses that in the reverse flow situation (Θ = -1), as α increases, the adverse pressure gradient decreases. Though, this decrease is more significant in the narrow region (0.5 < ϕ < 0.9 roughly) of the channel. Such sort of result is quite expected due to decreasing fluid frictional force. Moreover, the pressure gradient is large in the narrow region or, in other words, in order to maintain the same flux (Θ = -1) in the contracted part a larger adverse pressure gradient (dp/dx > 0) is needed as compared to the expanded region. Figure 3 demonstrates a 3-D view of the temperature profile against dimensionless x-and y-co-ordinates. The temperature profile is high in the narrow part of the channel and is low near the wider part. This is due to the large fluid fiction effects in the narrow part for which extensive internal heat generation produced. Consequently, the heat transfer rate in the narrow fig. 4 also shows that the heat transfer rate at the upper wall decreases as the parameter α increases which is due to the poor thermal conductance. This shows that the fluids with greater α values are good for thermal insulation problems.
A 3-D view of total entropy number and Bejan number against the dimensionless x-and y-co-ordinates is demonstrated in fig. 5 . It is noted that the entropy is higher near the cold wall (at y = h 1 ) as compared to the heated wall (at y = h 2 ) of the channel. This is due to large temperature gradient near the cold wall of the channel (y = h 1 ). It is further observed that the entropy is relatively maximum at the narrow part of the channel and minimum at the wider part. From the figure it can be seen that near the cold wall of the channel fluid friction irreversibility dominates, however, near the heated wall irreversibility is dominated by the heat transfer effects. Moreover, in the narrow part of the channel a decreasing trend is noticed in the irreversibility due to heat transfer near the heated wall. Figure 6 reveals that as the parameter α increases the total entropy generation number, N G , also increases and the increase is more significant near the cold wall. However, the fluid friction irreversibility dominates near cold wall as α increases, fig. 7 . Such type of results were not noticed in case of symmetric channel, Munawar et al. [29] , where entropy decreases with the increase of α. However, in both cases, either symmetric or asymmetric, entropy generation due to heat transfer reduces as α increases which shows poor thermal conductance of fluids have large α values. Here the increase in the total entropy generation might be due to the asymmetric nature of the channel and space dependent variable viscosity. Figure 8 unveils the average entropy generation number, Ns avg , in a 3-D configuration against α and Brinkman number. It is observed that the average entropy of the channel increases as Brinkman number and α increase. Therefore, minimum entropy can be obtained if the Brinkman number and the parameter α are kept small. Figure 9 reveals that as the flow rate parameter, Θ, increases the entropy production rises significantly near both the walls. Moreover, it is also shown in fig. 9 that as Θ increases the entropy is controlled by heat transfer effects near the walls and by the fluid friction effects in the center of the channel. This is quietly expected result because as the flow rate increases the heat transfer rate also augments with fluid particles which results in the entropy enhancement. fig. 10 it is observed that the entropy generation is minimum when both the waves are in phase (ϕ = π) and it increases as the phase changes. Figure 10 also shows that the entropy due to heat transfer is dominant near both the walls. However, it decreases at lower wall when waves are in phase and it increases near upper wall when waves shifted to be in phase. The Nusselt number vs. variable viscosity parameter is plotted at the upper and lower channel wall in fig. 11 . From this figure it is clear that magnitude of Nu L decreases for large values of α. Skin friction at upper and lower channel boundaries can be seen through fig. 12 . It is observed that the magnitude of skin friction increases with an increase in α. 
Conclusion
A complete thermodynamical analysis has been made for a peristaltic flow of a variable viscosity fluid in an asymmetric channel. The isothermal boundary conditions are used for the heated walls of the channel and exact solutions have been calculated. It is concluded that the temperature as well as the entropy of fluid is high in the narrow parts of the channel. Also entropy is high near the cooler wall of the channel and is low near the hotter wall. Moreover, it is established that in the fluids having higher values of the parameter α, the average entropy is high. To minimize average entropy of the system the viscous dissipation and the value of α should be kept small. 
